ESA's next large X-ray mission Athena is designed to address the Cosmic Vision science theme 'The Hot and Energetic Universe'. It will provide answers to two key astrophysical questions: 'how does ordinary matter assemble into the largescale structures we see today' and 'how do black holes grow and shape the Universe'. The Athena spacecraft will be equipped with two focal plane cameras, a Wide Field Imager (WFI) and an X-ray Integral Field Unit (X-IFU). The WFI instrument is designed for imaging and spectroscopy over a large field of view, and high count rate observations up to and beyond 1 Crab source intensity. The cryogenic X-IFU camera is designed for high-spectral resolution imaging. Both cameras share alternately a mirror system based on silicon pore optics with a focal length of 12 m and large effective area of about 2 m 2 at an energy of 1 keV. Here we describe advances in the definition and development of the WFI focal plane camera, which has progressed significantly through the mission Phase A. The instrument employs DEPFET active pixel sensors, which are fully depleted, back-illuminated silicon devices of 450 μm thickness. These provide high quantum efficiency over the 0.2 keV to 15 keV range with state-of-the art spectral resolution and extremely fast readout speeds compared to previous generations of Si detectors for X-ray astronomy. The focal plane comprises a Large Detector Array (LDA) with over 1 million pixels of 130 um x 130um size, providing oversampling of the PSF of a factor >2 over the large (40'x40') Field of View, complemented by a smaller Fast Detector (FD) optimized for high count rate applications. The status of the various WFI subsystems to achieve this performance will be described and recent changes will be explained here.
INTRODUCTION
The Advanced Telescope for High ENergy Astrophysics (Athena) [1] of the European Space Agency (ESA) has as primary science goals the mapping of the hot gas structures in the Universe and the determination of their physical properties and to search for the very first supermassive black holes. For this purpose the X-ray satellite is planned to be equipped with a single large-aperture X-ray mirror assembly [2] which images X-ray photons onto one of two complementary and interchangeable focal plane instruments: The X-ray Integral Field Unit (X-IFU) provides spatially resolved high resolution spectroscopy by using transition edge sensors operated at cryogenic temperatures [3] . The Wide Field Imager (WFI) provides a silicon detector array covering a large field of view of 40 amin x 40 amin and a small detector featuring high count rate capability for the observation of very bright point sources. Both WFI detectors use silicon active pixel sensors of DEPFET (DEpleted P-channel Field Effect Transistor) type. Each DEPFET pixel is a combined sensor-amplifier structure with a MOSFET integrated onto a fully depleted 450 µm thick silicon bulk. The sensor is controlled by an ASIC called SWITCHER-A and read out by another type of ASIC, called VERITAS-2. Even though an active pixel sensor would allow for fully parallel readout, the detector is operated in rolling shutter mode (i.e. all pixels of one line are read out simultaneously) to compromise between fast readout and limitations of power supply and heat dissipation on the satellite.
With such a detector, it should be possible to achieve good spectral resolution over the required broad energy band from 0.2 keV to 15 keV. For an emission line at 1 keV, a full width at half maximum (FWHM) value of 80 eV is required throughout the mission and at 7 keV the FWHM shall be better than 170 eV. The mission lifetime after launch in 2028 is planned to be 5 years with a possible five-year extension. Although the recently developed X-ray detectors for eROSITA onboard the SRG mission achieve similar results utilising PNCCDs [4] , the Athena WFI project differs significantly in the time resolution requirement. The eROSITA project requires a time resolution of 50 ms for a 384 x 384 pixel detector whereas it is projected to 5 ms for the larger detector array of WFI with 1024 x 1024 pixel [5] . The high count-rate capable 64 x 64 pixel WFI detector yields even a time resolution of 80 µs. This detector permits for bright point sources with an intensity of 1 Crab (approx. 110,000 counts per second) a throughput of better than 80% and a pile-up of less than 1% in accordance with the scientific requirements. The pixels of the WFI large detector array (LDA) as well as of the fast detector (FD) have a size of 130 µm x 130 µm which is well suited to the planned on-axis angular resolution of 5 arcsec half energy width (HEW) of the mirror system. The particle induced background shall be minimized in order to achieve the scientific requirement of a value <5 x 10 -3 cts/cm 2 /s/keV in the energy band between 2 keV and 7 keV for 60% of the time. For this purpose, the following measures are intended: The detectors shall be surrounded by a graded-Z shield, which has in particular the purpose to avoid fluorescence lines that would contribute to the instrument background but also lowers the continuum. Both sides of the sensor chips will be covered by thin coatings. Finally, the detector electronics can identify particle hits by their high energy deposition clearly exceeding 15 keV in the thick sensor and associated low-energy secondary particles contributing to the background can be discarded [5] . The key science drivers for the Athena WFI instrument are described in detail in ref. [6] .
The WFI instrument is composed of the following subsystems (see Figure 1 ):
• Camera head (CH): The camera head is composed of the detectors (LAD and FD) including their electrical, mechanical and thermal interfaces and the graded-Z and proton shields which surrounds them apart from the aperture.
• Detector electronics (DE): The four quadrants of the LDA as well as the FD have their dedicated detector electronics. They primarily supply the sensors and the ASICs and perform the acquisition of the photon event and slow control (housekeeping) data. The high frame rate combined with the large pixel arrays require onboard signal correction and event filtering in real-time as the raw data rate would by far exceed the available telemetry rate for Athena's halo orbit around L2, the second Lagrange point of the Sun-Earth system. • Instrument Control and Power distribution Unit (ICPU): The data streams of the five DEs are merged, analyzed and compressed in the ICPU before sent to the mass memory of the spacecraft for download to the ground station. The ICPU is the data, control and power interface of the WFI instrument to the spacecraft. The ICPU exists as nominal and redundant unit to prevent a single point failure.
• Filter wheel (FW) with optical stray-light baffle: The filter wheel is accommodated in front of the camera head towards the mirror system. It permits the following selectable and necessary options for the detectors: blocking of visual and UV light by an approximately 170 mm x 170 mm large ultra-thin filter foil, on-board calibration sources, closure of the aperture and an unobstructed aperture. The filter wheel as well as the baffle contribute also to the shielding of the detector against particles.
• Thermal system (TS): The DEPFET sensors need cooling to achieve optimum energy resolution in contrast to the ASICs. However, the ASICs are inevitably thermally coupled to the sensor by more than 8,000 wire bonds. It is advantageous for the thermal budget to set the ASICs to a moderate temperature. No low temperature is required for the power-consuming detector electronics and ICPU but the dissipation of their heat needs to be facilitated to avoid the risk of an early failure due to accelerated aging effects. The WFI instrument uses the well-proven concept of a passive cooling system consisting of heat pipes and radiators for these three different cooling chains. This allows a continuous operation of the WFI in obit.
Phase A of developed an mission adop Figure 1 show the mass bud compact than five boxes be on the choice of the technology options, read noise values between 2.0 and 2.5 electrons were achieved even for a fast readout of 2.5 µs/row, consistent with the requirement for the FD. The energy resolution was measured for the 5.9 keV line of the 55 Fe radioactive source and full width at half maximum (FWHM) figures of 130 eV were obtained (see Figure 3 ). Apart from the detector performance, the operational range for the various operating voltages is relevant, too. Details of this systematic analysis are presented in ref. [7] . Apart from the described comparative studies, we have also started testing larger DEPFET matrices with 256x256 pixels (one quarter of the flight sensors of the LDA) as well as devices with 512 pixels in the channel (full channel length) and 512 pixels in a row (full row width). The latter two devices will show the effect of a larger capacitance of a channel on the readout time as well as the effect of a potential voltage drop over the pixels in a row. For the 256x256 pixel DEPFET detector, shown in Figure 4 , a noise value of 3.3 electrons ENC and a FWHM(5.9keV) of 138 eV were measured with a readout speed of 2.5 µs/row. The detector was operated in drain readout mode, which is a new concept developed specifically for fast operation [8] . For a slower readout of 8.7 µs/row, which still meets the science requirement for the time resolution of the LDA, the noise is improved to 2.5 electrons ENC leading to a FWHM(5.9keV) of 134 eV. Figure 5 shows the spectrum for an intermediate readout time of 5 µs/row. However, it has to be noted, that the tested DEPFET sensor has only half the length and width of the flight DEPFET for the LDA. Prototype DEPFET detector with 64x64 pixel matrix, Switcher-A and Veritas-2.1 ASIC mounted on a board produced in thick film technology. Variants of the DEPFET sensors were systematically tested in vacuum chambers, cooled to -60°C, and exposed to 55 Fe radioactive sources to study their characteristics. 55 Fe source measured with a 256x256 pixel WFI prototype DEPFET detector operated in drain readout mode. An energy resolution of 135 eV FWHM has been achieved at 5.9 keV for a readout time of 5 µs/row corresponding to 1.3 ms per frame. Apart from the emitted Mn-K α and Mn-K β lines with 5.9 keV and 6.5 keV energy, we measured also the associated Si-K α escape line with 1.7 keV lower energy than the Mn-K α line and in addition, a Ti-K α line at 4.5 keV, which was generated as fluorescence line in the sensor support structure made of titanium.
Electronics
The functionality of the Detector Electronics (DE) is divided into two modules. The Power Conditioning Module (PCM) serves as secondary power supply and creates all static voltages required for detector biasing. The Frame Processor Module (FPM) generates all dynamic detector control signals and receives the detector event data [10] . The science data stream is pre-processed in order to perform energy correction and to identify valid X-ray events. An event list containing all valid events, i.e. with respect to energy and event pattern, and their corresponding pixel coordinates, is sent to the Central Processing Module (CPM) of the Instrument Control and Power Distribution Unit (ICPU). Inside CPM, the scientific data streams (event lists) of all 5 DE units are merged, combined with housekeeping data and compressed. The combination of data pre-processing in the DE together with data compressing in the CPM ensures a minimum data volume that has to be stored in the Athena spacecraft mass memory before it is sent to the ground station. The FPM conceptual design is based on an FPGA that performs the pre-processing of the detector data. Since eight data channels (from eight readout ASICs) per detector quadrant arrive at one FPM simultaneously, the critical function of the FPGA is to perform all necessary event processing in real-time. In that sense, the FPM FPGA is required to cope with pixel rates in the range of 0.5·10 8 to 2·10 8 pixels per second, each pixel being represented by a 14-bit energy value. Offset and potentially noise data that is required for pixel-wise data correction and evaluation operation are stored for every pixel in an FPGA-external memory. The FPGA architecture allows to connect several memory devices such that the memory content can be accessed in parallel for the up to eight data channels (see Figure 6 and Figure 7) . The current memory architecture is baselined with two FPGA-external memory devices per channel resulting in 16 memory devices per FPM in total. Beside the FPM module, the DE also contains the PCM. Currently, a breadboard activity is being carried out that tests various options in order to generate the voltages required by the detector. DC/DC converters are implemented for conversion of 50 V satellite bus voltage to intermediate voltages, e.g. ± 12 V, as input to the PCM. Depending on the stability and load requirements, detector voltages are generated and stabilized using various concepts. For voltages that have to be adjusted in-orbit, pulse-width-modulation (PWM) with passive filtering is used to generate analog reference voltages as input for amplifier circuits and linear voltage regulators. A dedicated microcontroller device is used for PWM generation. For fixed voltages, it is intended to use commercially available point-of-load converters and linear regulators. SpaceWire interfaces will be implemented for data (event list) transfer between DE units and the CPM of ICPU. The event lists for each frame of each detector are created by the corresponding DE unit and sent to the CPM. Furthermore, housekeeping data (e.g. detector temperature, voltage levels, currents, …) will be created by the Analog Interface Board (AIB) and stored along with the scientific event data. The data packets from the detector units are combined and are subject to an efficient data compression. Additionally to the CPM, the ICPU accommodates the Power Distribution Unit (PDU) that distributes the bus voltage to all other subsystems and modules. A Science Products Module (SPM) is baselined in order to permit onboard analysis of valid as well as non-valid science-relevant event data.
Optical blocking filter
The DEPFET pixels are also sensitive to UV and visible light photons with energy larger that the Si band gap (~1.1 eV). Such photon hits on the detector degrade the detector spectral resolution, and change the energy by about 3.7 eV, on average, for each optically or UV light generated electron-hole pair. An optical blocking filter (OBF) in front of the detector is therefore needed to permit to observe X-ray sources with bright UV and visible light counterparts. In the current detector design an optical blocking filter consisting of 90 nm of Al, 30 nm of Si 3 N 4 and 20 nm of SiO 2 is deposited on-chip. This OBF, together with an additional filter consisting of 150 nm polyimide and 30 nm Al mounted in the filter wheel (FW), will allow to observe hot stars as bright as m v = 2 [11] . The capability to observe hot stars as bright as m v = 2 is, in fact, mandatory to perform with the WFI studies of X-ray variability to probe the dynamics of stellar winds in O-B stars, and to study stellar clusters which contain early-type stars as bright as m v = 4 [12] . The position of the OBF in the FW at about 10 cm distance from the focal plane drives its dimension to about 170 mm x 170 mm. Given the large size we currently foresee to use a reinforcing structural mesh, with wires parallel to the square diagonals, glued to the thin polyimide/Al membrane, and a cross-shaped central stiffening, matching the gaps between the four WFI detector quadrants [13] . Figure 8 left panel shows the filter components, namely: inner frame with stiffening cross, outer frame with stiffening cross, polyimide/Al film, supporting mesh. The right panel shows a picture of one of the OBF samples manufactured to perform preliminary mechanical testing. The mesh currently investigated is AISI 304 stainless steel with a pitch size of 6.0 mm, mesh bar thickness 200 μm, and mesh bar width 100 μm. A gold coating 5 μm thick will be deposited on the mesh and frame to absorb Fe fluorescence lines induced by particles which would contribute to the instrument background. Figure 9 shows the resulting quantum efficiency (QE) of the WFI with the on-chip OBF (blue line) and with both the on-chip and the FW OBF (red line). The calculated QE with FW OBF takes into account both the mesh and the cross shaped stiffener. The blocking factor of the mesh, including the effect of the vignetting introduced by its non-zero thickness, is 4.0%. The cross stiffener affects the QE of the detector close to the detector gap. Assuming that a dithering pattern is applied to smooth out the insensitive gap of the LDA, the average blocking factor introduced by the stiffening cross is 2.4%. The QE with current OBF's design (on-chip and FW OBF including mesh and cross stiffener) is consistent with the requirements providing 23% efficiency at 0.277 eV, 81% at 1 keV, and 90% at 10 keV, respectively. In order to perform preliminary development tests on the proposed OBF design, we have manufactured a set of partially representative filter samples with the thin polyimide/Al thin film replaced by a thicker and less expensive stretched polypropylene/Ti film ~ 600 nm thick, supported by a fully representative AISI 304 stainless steel mesh, mounted on 2-part aluminum frames. Both, the polypropylene/Ti filter and the aluminum frames have been manufactured at UNIPADiFC/INAF-OAPA while Luxel corp. has provided the supporting mesh and has integrated filter, mesh, and frames. A significant effort has been put in the mesh design and manufacturing to minimize stresses in sharp corners where wires intersect or are attached to the inner cross and outer frame. Using a thick polypropylene film (600 nm) instead of the thinner polyimide (150 nm) the membrane (filter and mesh) stiffness changes by few per mille, and the areal density changes by few per cent. For this reasons vibration and acoustic tests are fully representative of the stress level on the mesh.
Vibration Tests
Sine and random vibration tests have been carried out using the shaker model 4522 LX at the Centre Spatial de Liege (Belgium) on March 27-30, 2017. Both out of plane and in-plane tests have been carried out. The reference vibration test levels for this campaign (valid for both axial and lateral directions), have been derived from Req.#14 in APPENDIX A of the documentation in the ESA ITT AO/1-8786 entitled "Athena: Large area high-performance optical filter for x-ray instrumentation", namely: Sine (5-100 Hz) with 25.00 g (0-peak), and sweep rate = 2 Oct/min; Random (20-2000 Hz) with 16.9g RMS, and duration = 150 s. Increasing load levels have been applied to the filter approaching the reference level. Lower levels had shorter duration (30 s), in order to reduce the risk of fatigue failure. The reference and higher levels were applied for 2 min. The OBF sample was kept in atmosphere during the vibration tests, however, a top cover either in aluminum or plexiglass has been always used during the vibration tests to protect the filter and reduce potential damages from flying particles. The FW OBF tested sample has survived lateral vibration levels according to ESA ITT AO/1-8786 specifications and axial vibration levels increased by +10g 0-peak sine load and + 3dB random with respect to ESA ITT specifications. 
Acoustic Tests

Next steps
A second vibration test campaign will be performed at the end of this year at the Max-Planck-Institut für extraterrestrische Physik on a single quadrant filter samples (85 mm x 85 mm) with 150 nm thick polyimide foil coated with 30 nm of aluminum and supported by the same type of mesh including the gold coating. Such test will be representative of the stress level on the thin polyimide/Al film. Based on the results of the performed and scheduled mechanical tests and new structural modeling, we will review the mesh and stiffening cross design to try and reduce the total blocking factor. The OBF of the fast detector has a smaller size of about 35 mm x 35 mm and correspondingly we are currently investigating whether a mesh is needed for it. Filter samples will be procured and the characterization tests are planned to be performed in Q4 2017. The FW OBF baseline design will be experimentally tested in 2018 with the aim to verify that no vacuum chamber is needed to protect the WFI filters.
THERMAL SYSTEM
The cooling of the WFI is completely passive, without any consumables or moveable parts. This guarantees a stable temperature control, which does not limit the lifetime of the instrument. Constant conductance heat pipes (CCHP) transport the heat to radiators that emit it into space. The thermal system of WFI consists of three different cooling chains. The goal is to be able to cool the DEPFET sensors down to a temperature of approximately 193K (see Figure  10 ). In addition, the sensor temperature shall be controlled within a temperature range of about 193-213K. To reduce the heat load at the low temperature level of the DEPFET sensor, the front-end electronics is thermally decoupled from the DEPFET sensor and operated at a higher temperature (approx. 280 K). Last but not least, an overheating of the detector electronics has to be avoided. A detailed thermal analysis of the WFI can be found in ref. [9] . e l expansion are currently calculated. In parallel, efforts are made to simplify the heat pipe routing further. Heat pipe lengths, especially free path lengths, shall be reduced as far as possible. Another goal is to have bents in only two dimensions and to avoid bending in three dimensions completely. Whenever 3D-bending is necessary, additional qualifications steps may be required. Also under investigation is the possibility to embed all heat pipes horizontally inside the radiators instead of vertically. This would further simplify ground testing, since additional heaters for start-up of the embedded heat pipes would not be needed. Without additional heat input, some of the vertically embedded heat pipes inside the radiators may not work, if the incoming load is too low. An additional positive effect of horizontally embedded heat pipes would be a clear separation of heat delivery (from the instrument to the radiator) and heat distribution (inside the radiator). A corresponding trade-off between the two concepts is ongoing.
SUMMARY AND OUTLOOK
The Athena WFI will offer unprecedented performance in terms of its combination of wide-field imaging, spectroscopy and timing capabilities for X-ray astronomy. Nonetheless, there are clear constraints given by the technical budget for a scientific instrument on a satellite. Various activities have been recently conducted or are ongoing in this regard: an optimization of the configuration of the subsystems in order to reduce the mass, to make it more compact, and to improve the mechanical characteristics, like a higher eigenfrequency. An improved assignment of the radiator panels and associated routing of heat pipes to the instrument has been proposed to simplify the thermal system. First breadboards of the detector with the key components: DEPFET sensor, control ASIC and readout ASIC have been assembled and tested. Although the sensors are still of smaller format than the flight type, the performance measurements are very promising and a production of flight-like DEPFET devices is in preparation. The high-speed readout requires an event processing onboard of the satellite in real-time because otherwise the available telemetry rate would be exceeded by orders of magnitude. For the verification of the real-time processing capability, a breadboard of the frame processor is presently under development including the necessary soft-and firmware. Like the eROSITA cameras aboard SRG, the optical blocking filter and the detector will be launched without a vacuum enclosure. As the acoustic noise load arising during the launch is critical for the ultra-thin large-area filter foil, it will be supported by a mesh and a stiffener. Mounted in a demonstration model of the filter wheel, a flight-type filter shall be exposed to realistic acoustic noise level to verify its intactness after conduction of the environmental test. The confirmation shall be performed in 2018 as it is decisive for the WFI concept which forgoes a vacuum vessel. All this development work has been and will be accomplished in the framework of the WFI instrument consortium.
